Abstract: Marine sediments hosting gas hydrates are commonly fine-grained (silts, muds, clays) with very narrow mean pore diameters ($0.1 mm). This has led to speculation that capillary phenomena could play an important role in controlling hydrate distribution in the seafloor, and may be in part responsible for discrepancies between observed and predicted (from bulk phase equilibria) hydrate stability zone (HSZ) thicknesses. Numerous recent laboratory studies have confirmed a close relationship between hydrate inhibition and pore size, stability being reduced in narrow pores; however, to date the focus has been hydrate dissociation conditions in porous media, with capillary controls on the equally important process of hydrate growth being largely neglected. Here, we present experimental methane hydrate growth and dissociation conditions for synthetic mesoporous silicas over a range of pressure-temperature (PT) conditions (273-293 K, to 20 MPa) and pore size distributions. Results demonstrate that hydrate formation and decomposition in narrow pore networks is characterized by a distinct hysteresis: solid growth occurs at significantly lower temperatures (or higher pressures) than dissociation. Hysteresis takes the form of repeatable, irreversible closed primary growth and dissociation PT loops, within which various characteristic secondary 'scanning' curve pathways may be followed. Similar behaviour has recently been observed for ice-water systems in porous media, and is characteristic of liquid-vapour transitions in mesoporous materials. The causes of such hysteresis are still not fully understood; our results suggest pore blocking during hydrate growth as a primary cause.
Naturally occurring gas hydrates (or clathrate hydrates) in sediments may pose a hazard to deepwater drilling and production operations (Kvenvolden 1999; Milkov et al. 2000) , have potential as a strategic low-carbon energy reserve (Kvenvolden 1999; Lee & Holder 2001) , could provide a means for deep ocean CO 2 disposal through sequestration/storage (Hunter 1999; Brewer et al. 1999) , and have long-term significance with respect to ocean margin stability, methane release to the atmosphere and global climate changes (Kvenvolden, 1999; Dickens, 2003) .
Although our understanding of sediment-hosted gas hydrates has grown considerably in recent years, we still lack fundamental knowledge concerning the mechanisms of hydrate growth, accumulation and distribution within the subsurface. Clathrates have been recovered in shallow ocean floor sediment cores from numerous sites around the world (e.g. Ocean Drilling Program (ODP) Leg 164, Blake Ridge, offshore South Carolina (Paull et al. 2000) , and Leg 204, Cascadia Margin, offshore Oregon (Tréhu & Shipboard Scientific Party 2003) ). Sediments hosting gas hydrates are generally characterized by organic matter-rich fine-grained silts, muds and clays, with lesser coarser sandy layers present at some sites. Hydrates commonly display a wide range of growth habits, and are often patchily distributed within the host sediment according to texture (Booth et al. 1996) . In fine-grained strata, hydrates are generally found in the form of segregated nodules, lenses, pellets or sheets. In contrast, where coarser layers are present, clathrates often form an interstitial pore fill between sediment grains. This variation in growth patterns according to sediment type suggests that host sediment properties may play an important role in controlling hydrate morphology and distribution within the subsurface Henry et al. 1999) .
Further evidence for potential host sediment controls on hydrate equilibria comes from the predicted depth of the Base of the Hydrate Stability Zone (BHSZ) in seafloor sediments. While ODP coring has confirmed that the BHSZ commonly lies close to pressure and temperature conditions calculated from bulk (unconfined) phase equilibria, there are a number of sites where the thickness is notably less than predicted (e.g. Blake Ridge (Paull et al. 2000) , and Cascadia Margin (Tréhu & Shipboard Scientific Party 2003) ). The depth of the BHSZ is dependent on various factors, including gas concentration (gas concentration must exceed aqueous equilibrium solubility in the presence of hydrate), composition (the addition of CO 2 , H 2 S and higher thermogenic hydrocarbons such as ethane/propane increases hydrate stability), pore water salinity (dissolved salt reduces stability) and the local geothermal gradient. However, where these are relatively well established from drilling/ coring (such as at the Blake Ridge and Cascadia Margin), additional factors must be sought to explain predicted/actual BHSZ discrepancies. One potential influence may be the host sediments themselves. The mechanisms by which sediment properties could alter hydrate stability and/or influence distribution are still relatively poorly understood (Max 2000) ; however, one potentially important factor which has received considerable attention in recent years is capillary inhibition Henry et al. 1999) .
Phase behaviour in confined geometries
It is well established that the pressure -temperature (PT) conditions of first-order phase transitions (e.g. solid -liquid, liquid -vapour) may be significantly altered in confined geometries. In narrow pores, high-curvature phase interfaces can induce strong differential capillary pressures, altering the chemical potential of components relative to bulk (unconfined) conditions. For solid -liquid transitions, where pore sizes are sufficient for phases to retain the structural and physical properties of the bulk phase, solid melting temperatures are generally depressed as a function of pore radius in accordance with the Gibbs-Thomson equation (the constant pressure analogue of the constant temperature Kelvin equation for vapour pressure in mesoporous media; (Enüstün et al. 1978; Christensen 2001) . For simple, single-component systems (e.g. ice-water), the common form of the equation relates the pore solid melting point depression, DT p , from the bulk (unconfined) melting temperature, T b , to the pore radius, r, through:
where g sl is the solid -liquid interfacial free energy (often referred to as the surface or interfacial tension), F the shape factor of the interface (dependent on interface curvature), r l the density of the liquid phase, DH sl the latent heat (enthalpy) of fusion, and u the contact angle between the solid phase and the pore wall (1808 measured inside the solid phase if an unfrozen liquid layer is assumed, thus cos u ¼ 21). Where g sl and DH sl are relatively constant over the PT conditions of interest, equation (1) dictates a linear relationship between DT p /T b and reciprocal pore radius, as confirmed experimentally for many organic and inorganic liquids (Rennie & Clifford 1977; Jackson & McKenna 1990 Christensen 2001) . It should be noted that equation (1) assumes that the solid phase pressure (P s ) is equal to the bulk pressure (P b ), that is, P l , P s ¼ P b . Where the liquid phase (P l ) is at bulk pressure (P s . P l ¼ P b ), the value r l should be replaced by r s , the density of the solid phase (Enüstün et al. 1978) .
Although the thermodynamics of solid -liquid equilibria in small pores (particularly ice-water equilibria) has been the subject of investigation for over 100 years (Christensen 2001) , only relatively recently did Handa & Stupin (1992) demonstrate that methane hydrate dissociation temperatures are depressed in narrow pores. Seafloor sediments hosting gas hydrates are commonly fine-grained (silts, muds, clays), with narrow mean pore diameters ($0.1 mm; Griffiths & Joshi 1989; Clennell et al. 1999) . In light of this, it has previously been speculated that capillary phenomena could play an important role in controlling hydrate stability and distribution within sediments, and may be partly responsible for observed discrepancies between predicted and actual BHSZs (Ruppel 1997; Clennell et al. 1999; Henry et al. 1999) .
In the most extensive theoretical analyses to date, Clennell et al. (1999 (companion papers) developed a capillary-thermodynamic model for hydrate formation in the seafloor which attempted to account for the effect of pore size on equilibrium conditions. From model predictions, the authors could not confirm that capillary inhibition alone was responsible for observed discrepancies between predicted and actual BHSZs, although it was concluded that capillary phenomena did most likely play an important role in controlling hydrate phase behaviour and distribution, particularly in segregation and lens/nodule/layer formation. A lack of firm conclusions concerning the extent to which pore size affects the HSZ could in part be attributable to a lack of available values for hydrate -liquid (water) interfacial free energy (the authors used a value for ice-water interfacial free energy), and, significantly, an absence of reliable data relating pore size/geometry to hydrate growth/dissociation conditions with which to validate model predictions.
The potential role capillary effects may have in controlling hydrate growth and accumulation within sediments has led to considerable experimental and theoretical research into the phenomenon over the past 8 years. Work has focused primarily on (relatively) well characterized porous silicas (Uchida et al. 1999 Seshadri et al. 2001; Wilder et al. 2001a, b; Seo et al. 2002; Smith et al. 2002a Smith et al. , b, 2004 Zhang et al. 2002 Zhang et al. , 2003 Seo & Lee, 2003; Aladko et al. 2004; Dicharry et al. 2005) , and more recently on natural sands and clays . Although there are a number of discrepancies between studies, particularly regarding experimental data interpretation (as discussed by Anderson et al. 2003a) , the overall conclusion is that narrow pores have a significant and consistent inhibiting effect on hydrate stability. However, phase behaviour in porous media is highly complex, and there are many potentially important factors that have not yet been addressed. One significant, and particularly relevant, issue is that the focus to date has been the measurement and prediction of hydrate dissociation conditions in porous media, with the equally, if not more important process of hydrate growth being largely overlooked.
As suggested by Clennell et al. (1999) , capillary theory predicts a considerable hysteresis may exist between solid growth and melting conditions in narrow pores. The hysteresis loops commonly associated with gas (e.g. nitrogen) adsorption/ desorption in mesoporous materials and hydrocarbon reservoir rock drainage/imbibition curves are testament to the fact that such behaviour is a common characteristic of capillary pressure controlled phase transitions and fluid flow within porous media.
In Anderson et al. (2003b) , we reported experimental CH 4 , CO 2 and CH 4 -CO 2 clathrate hydrate dissociation and ice melting data for mesoporous silica glasses. This data was used to estimate values for ice -water and hydrate -liquid (water) interfacial free energies through a modified version of equation (1), and subsequently employed to validate a capillary corrective function for hydrate thermodynamic models which allows the prediction of hydrate dissociation conditions for narrow cylindrical-or spherical-like pores (Llamedo et al. 2004) . The added effect of pore water salinity was also investigated (Østergaard et al. 2002) . Here, we report the results of a detailed experimental investigation of methane hydrate growth and dissociation conditions in synthetic mesoporous silica glasses. Data reveal an equilibrium hysteretic hydrate formation/ decomposition behaviour not previously observed for clathrates in porous media. Through an analysis of experimental data, we will assess potential origins of the observed hysteresis phenomena, and then comment briefly on potential implications for seafloor hydrate systems.
Experimental equipment and methods
A specifically designed high-pressure (max. 41 MPa) set-up was used in experiments. The setup, shown in Figure 1 , consists of an equilibrium cell (75 cm 3 volume) with removable sample cup, central PRT (platinum resistance thermometer), inlet/outlet valve, Quartzdyne pressure transducer and insulated coolant jacket.
The PRT was calibrated with a Prima 3040 precision thermometer, and measures cell temperature to +0.01 K with an estimated accuracy of +0.1 K. The transducer, via a computer interface, can measure system pressure to within +6.9 Â 10 26 MPa, and has a quoted accuracy of +0.008 MPa for the complete operating range of 0 -138 MPa. System temperature was controlled by circulating fluid from a programmable cryostat (253 -373 K) through the cell jacket, and could be kept stable to within +0.02 K. Cell temperature and pressure were continuously monitored and recorded using a computer. Double-distilled water was used in all experiments. High-purity methane (99.995 mol%) was 
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supplied by Air Products. Porous silica samples, known as Controlled Pore Glass (CPG), were purchased from CPG Inc., USA (now Millipore, USA), and consist of 37 -74 mm porous silica shards. Three samples, of 30.6, 15.8 and 9.2 nm nominal pore diameters, were used for experiments. Sample pore size distributions were previously characterized independently by NMR (nuclear magnetic resonance) cryoporometry (Anderson et al. 2003b; Dore et al. 2004) . Test procedures were as follows. CPG silicas were dried overnight in an oven, then saturated (water volume, V w . pore volume, V p ) with a measured volume of distilled water. Prepared samples were placed in the cell, the cell cooled and water frozen (to minimize evaporation), then air evacuated. Temperature was subsequently raised again to the desired starting temperature (generally outside the bulk hydrate stability zone) before methane was injected to the initial starting pressure. To form hydrates in the first instance, the cell was cooled rapidly until growth commenced, as indicated by pressure-temperature relations. Subsequent to this, hydrate growth and dissociation PT pathways for sample hysteresis regions were determined by a stepped temperature cycling method based on the approach of Tohidi et al. (2000 ) & Anderson et al. (2003b . The method involves heating/ cooling of the cell in steps (generally 0.2-0.5 K), with sufficient time being given (in this case 8-24 h) for the system to reach equilibrium (as indicated by stable pressure) following each step, which results in very reliable and highly repeatable (to within +0.1 K) measurements.
Results and discussion
Equilibrium methane hydrate growth and dissociation conditions were determined at various pressures for the three different CPG silica samples (30.6, 15.8 and 9.2 mean pore diameters). Figure 2 shows an example of typically observed clathrate growth and dissociation pressure -temperature pathways, in this case for the 30.6 nm sample. As system water volume exceeds CPG pore volume, gas hydrates form both within and outside the pore network; hydrates outwith the pores dissociate at the bulk (unconfined) methane hydrate þ liquid þ gas (H þ L þ G) phase boundary, with both pore Fig. 2 . Plot of primary growth and dissociation PT data for the 30.6 nm mean pore diameter CPG silica saturated with water. DP t and DP b are the total change in pressure associated with hydrate formation in the pores and the bulk respectively. DT p and DP p are the temperature depression of pore hydrate/growth dissociation conditions (from the bulk methane H þ L þ G phase boundary) and change in pressure associated with pore hydrate formation at any given recorded equilibrium PT condition on the heating/cooling curves respectively. Bulk CH 4 data: polynomial fit to Deaton & Frost (1946) , McLeod & Campbell (1961) . 148   175  176  177  178  179  180  181  182  183  184  185  186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231  232 hydrate growth and dissociation conditions being depressed to significantly lower temperatures. The hysteresis between pore clathrate growth and dissociation conditions is distinct -hydrate formation occurs at temperatures significantly lower than decomposition, with irreversible (unidirectional) PT pathways forming a complete closed hysteresis loop. To our knowledge, this clear, repeatable (in the same closed system over 6 months), equilibrium PT hysteresis between growth and dissociation has not previously been reported for clathrate hydrates in porous media. Similar (although not so consistently repeatable) equilibrium hysteretic behaviour has been described for ice -water transitions in hardened cement pastes (Schulson et al. 2000; Swainson & Schulson 2001) , however it is generally not reported in most literature studies of solidliquid transitions in mesoporous materials.
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In contrast to the repeatable, equilibrium hysteresis observed here, significant differences between measured freezing and melting temperatures due to stochastic heterogeneous nucleation phenomena have been reported for fluids confined to porous materials (Faivre et al. 1999; Morishige & Kawano 1999) . In this case, hysteresis can be attributed to kinetic issues arising as a result of the supercooling generally required to initiate solid nucleation in the absence of a pre-existing crystalline phase. Here, we have eliminated the need for nucleation by ensuring clathrate is present in the bulk (outside the pores) when cooling to initiate pore hydrate growth. Theoretically, this means only progressive solid growth front propagation into media on cooling is required.
Characteristics of hysteresis loops
From Figures 2 and 3 , we see that primary pore hydrate dissociation and growth patterns are characterized by a sigmoidal (with respect to linear liquid þ gas only PT relationships) curves indicative of formation/decomposition across a Gaussianlike distribution of pores typical of Controlled Pore Glasses (Anderson et al. 2003a, b; Østergaard et al. 2002) . Partial or complete dissociation curves for various synthetic (Vycor and sol -gel) mesoporous silicas have been reported previously by other workers (Uchida et al. 1999 Seshadri et al. 2001; Wilder et al. 2001a, b; Seo et al. 2002; Smith et al. 2002a Smith et al. , b, 2004 Zhang et al. 2002 Zhang et al. , 2003 Seo & Lee 2003; Dicharry et al. 2005) , and show very similar characteristics.
For the purposes of interpretation, we can re-plot heating curve data in terms of the volume of pore hydrate formed relative to growth/dissociation temperature depression. Figure 4 shows a plot of Fig. 3 . Examples of primary methane hydrate growth and dissociation loop PT data for the 9.2 nm and 15.8 mean pore diameter CPG silicas. Bulk CH 4 data: polynomial fit to Deaton & Frost (1946) , McLeod & Campbell (1961) . 149   233  234  235  236  237  238  239  240  241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290 DT p v. DP p /DP t for the 30.6 nm sample where, as illustrated in Figure 2 , DT p is the temperature depression of hydrate growth/dissociation conditions from the bulk methane hydrate phase boundary, DP p is the change in pressure associated with pore hydrate formation at any point and DP t is the total change in pressure associated with pore hydrate formation. Also plotted for comparison is the calculated volume fraction of pore gas hydrate (Vf h ) present at each point. Hydrate volume fractions were calculated by standard iterative mass balance/volume methods assuming a methane hydration ratio of 1 : 6 (Handa 1986; Lievois et al. 1990; Ciscone et al. 2005) . As can be seen, the faction (of total) pressure change associated with pore hydrates for each point is essentially equal to the volume fraction of pore hydrate present at that condition. Thus, in further analyses, we can consider that as a good approximation, DP p /DP t ¼ Vf h . As our interest lies in the relationship between pore radius and hydrate growth/dissociation conditions, we could theoretically use equation (1) to convert DT p to equivalent r, allowing the examination of data in terms of Vf h v. r. However, this would require the assumption of specific pore/solid -solid interface shapes for both solid formation and melting conditions, as defined by the shape factor, F, in equation (1). To avoid this assumption, we can compare growth and dissociation in terms of acting capillary pressure, P c , at DT p . P c can be calculated by substituting the right hand side of the Young-Laplace equation:
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where P s is the pressure of the solid (hydrate) phase and P l the pressure of the liquid phase, into equation (1) and rearranging to yield:
Figure 5 presents pore hydrate volume fractions as a function of calculated capillary pressure during growth and dissociation for all the three CPG silicas. As can be seen, hysteresis loops for all samples show very similar characteristics, with primary growth (increasing P c ) and dissociation (decreasing P c ) PT pathways being of sigmoidal form, consistent with Gaussian-like pore size distributions. As would be expected, capillary pressures increase as a function of pore diameter, the 9.2 nm mean pore diameter sample having the highest capillary pressure range/greatest degree of hydrate inhibition. 291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348 By initiating cooling from any point on the primary dissociation curve, or conversely, by heating from any point on the primary growth curve, a variety of secondary characteristic 'scanning' growth/dissociation PT pathways may be followed, as illustrated in Figures 6 and 7 for the 30.6 nm sample. We adopt the term 'scanning' because it is generally used to describe similar curves in gas adsorption/desorption studies of mesoporous materials (Mason 1982 (Mason , 1988 . As for primary growth/ dissociation pathways, scanning curves are irreversible, leading to an infinite number of possible, but consistent and repeatable PT pathways within the primary loop, depending on initial conditions. This behaviour, although often not investigated (primary loops only being reported), has been studied in detail for gas adsorption/desorption (Mason 1988) . However, as far as we are aware, there is little (if any) comparable data for solid-liquid equilibria available.
Origins of hysteresis
We have shown previously (Anderson et al. 2003b) that, in agreement with the Gibbs-Thomson equation (1), mean pore diameter CH 4 , CO 2 and CH 4 -CO 2 clathrate hydrate dissociation (and ice melting data) for CPG samples shows a linear correlation between DT p /T b and 1/r, giving a consistent and thermodynamically predictable relationship between hydrate dissociation conditions and pore size (Llamedo et al. 2004) . However, data presented here show that hydrate growth conditions are depressed to significantly lower temperatures compared with dissociation, resulting in a distinct PT hysteresis between opposing transitions. To predict this behaviour, and assess its potential implications for hydrates in the seafloor environment, then it is first necessary to establish its origins.
The causes of hysteresis in porous media are still poorly understood (Everett 1954; Mason 1982 Mason , 1988 Christensen 2001; Ravikovitch & Neimark 2002) . A significant part of the problem lies in the complexity of pore structures, which may comprise various heterogeneous (at the pore scale) pore geometries, a wide range of pore diameters and varying degrees of interconnectivity. To precisely predict hysteresis behaviour for a particular medium, we can imagine that it might be necessary to have an intimate knowledge of the pore space in terms of all these factors. A detailed analysis of CPG pore structures is beyond the scope of this paper; however we can speculate as to the origins of the observed hysteresis patterns based on accepted capillary theory.
The most basic pore model assumes single, simple pore shapes, such as spheres or cylinders. To introduce pore interconnectivity as a factor, it 151   349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406 Fig. 6. Volume fraction pore hydrate versus calculated capillary pressure for secondary scanning dissociation curves originating from the primary growth curve (30.6 nm mean pore diameter CPG sample). 407  408  409  410  411  412  413  414  415  416  417  418  419  420  421  422  423  424  425  426  427  428  429  430  431  432  433  434  435  436  437  438  439  440  441  442  443  444  445  446  447  448  449  450  451  452  453  454  455  456  457  458  459  460  461  462  463  464 is common to consider a matrix of spherical-like nodes connected by cylindrical-like bonds (Mason 1988; Vidales et al. 1995) . Based on scanning electron microscopy (SEM) images and molecular dynamics simulations (Gelb & Gubbins 1998) , this type of model might give a reasonable representation of controlled pore glasses. In such a media, we can consider two particular factors which may contribute to hysteresis: (1) pore geometry, and (2) pore blocking.
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Influence of pore geometry
The geometry of a pore will have a major influence on the interface curvatures of confined phases, thus capillary pressures. For a media containing a notable component of cylindrical-like capillaries, hysteresis could potentially arise due to differences in solid -liquid interface curvatures during crystallisation and melting (Brun et al. 1977; Jallut et al. 1992; Faivre et al. 1999) . The interface shape factor F in equations (1) and (2) is defined by the solid -liquid interfacial curvature, k, in terms of the pore radius by:
with k being defined by:
where r 1 and r 2 are the two orthogonal radii that describe the interface at any point. For solidliquid transitions in a spherical pore, r 1 and r 2 are equal during both solid growth and melting, thus mean curvature is 2/r for both cases. In contrast, as shown in Figure 6 , for solid growth in cylindrical pores, if the solid -liquid interface is considered a hemispherical cap, then r 1 and r 2 are equal, giving a mean curvature of 2/r. However, for melting, although r 1 remains constant, r 2 is infinite (1/ r 2 ! 0), thus total curvature is 1/r. A curvature of 1/r implies that the solid -liquid interface should not retreat through a pore upon melting, but rather the solid cylinder should instantaneously melt along its length when stability conditions for the appropriate pore radius are surpassed. This concept is analogous to gas/oil phase 'snap-off' in (waterwet) cylindrical pores of reservoir rocks as hydrocarbon saturation is reduced (Blunt 1997; Hui & Blunt 2000) . We can account for this geometrical control in equations (1) and (2) by modifying appropriately; F ¼ 2 for growth and 1 for dissociation. Based on the above, we can envisage that a media containing a notable proportion of cylindrical-like capillaries should display a temperature (or pressure) hysteresis between solid-phase crystallization and decomposition. Applying this to the results for CPG detailed here, then, if cylindrical pores are the cause of the observed hysteresis, we might expect to observe that for an appropriate volume of fraction of pore hydrate, Vf h , capillary pressure during hydrate growth, P c,g , should be around double that for dissociation, P c,d . From examination of the data presented in Figures 5-7 , this is clearly not the case: capillary pressures during hydrate growth are considerably less than double that for dissociation, with P c,g to P c,d ratios decreasing with decreasing sample mean pore diameter. Figure 8 shows a plot of P c,g v. P c,d for equal pore volume fractions of clathrate present. As can be seen, rather than P c,g being a multiple of P c,d (e.g.
) the relationship appears to be additive, that is, P c,g ¼ P c,d þ x, where x is relatively constant for a specific CPG sample, but variable between samples, and decreases with mean pore diameter. Furthermore, if CPG is composed primarily of cylindrical-like capillaries, then we might expect that, upon heating from the primary growth curve, dissociation would begin only when the primary dissociation curve was reached, that is, hydrate which had grown into progressively smaller cylindrical pores to radius r at P c,g (r) would only melt on heating when P c,d (r) was reached, with P c,g ¼ XP c,d (X being 2 for an ideal cylinder as detailed). However, Figure 6 shows that hydrate dissociation begins in earnest almost immediately on heating from the primary growth curve, suggesting the presence of a significant proportion of pores with interface curvatures which are approximately equal on growth and dissociation, that is, sphericallike rather than cylindrical.
Data thus suggest that differences in interface curvature for growth and dissociation in cylindrical capillaries is not the sole mechanism responsible for the observed hysteresis. However, results do not preclude this as being at least partly responsible for the phenomena. For any given point on the primary growth curve, the capillary pressure is at least double that for the associated point of complete pore hydrate dissociation achieved on heating, as can be seen in Figures 6 and 9 . As shown in Figure 9 , data suggest that P c,g is close to 2P c,d at the points of initial hydrate growth (on the primary growth curve) and final hydrate dissociation, respectively (although determining these conditions exactly is problematic as the amount of hydrate present in the pores becomes infinitesimally small and within the error in measured pressure change).
As noted, the fact that dissociation begins almost immediately on heating from the primary growth curve suggests hydrate in pores with mean interface curvatures (thus capillary pressures) which are similar on growth and dissociation, Fig. 9 . Plot of capillary pressure during hydrate (P c,g ) growth v. that for dissociation (P c,d ) for equal volume fractions (Vf h ) of pore hydrate present. At the points corresponding to initial growth/final dissociation (P c,g and P c,d minima), P c,g approaches 2P c,d . 523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580 that is, spherical-like pores. Hydrate in these pores should theoretically grow and melt at the same capillary pressure condition (or DT p ). However, data in Figure 6 shows that this is not the case as P c at conditions for growth is much higher than that for dissociation for the same volume of hydrate present. In light of this, it is necessary to consider mechanisms which could cause the observed hysteresis that are not primarily related to the interface curvature/geometry of individual pores. A potential candidate for this is 'pore blocking'.
Pore blocking effects
Pore blocking has been proposed by a number of authors as a primary cause of the hysteresis commonly observed for liquid-vapour phase transitions in porous media (Mason 1988; Ravikovitch & Neimark 2002) . The classic example of pore blocking is that for 'ink-bottle' pores (large pores with narrow necks) which cannot drain (desorb) until the capillary pressure reaches that needed for vapour phase entry into the narrow pore neck. We can apply this same theory to solid -liquid transitions if we consider the solid hydrate phase penetrating liquid-filled pores as analogous to vapour phase penetration during desorption. Figure 10 shows a simple illustration of the mechanisms by which pore blocking could be envisaged to occur in a hydrate -liquid system.
If we consider a large pore of radius r a accessible to the bulk only via smaller pores of r , r a , then, in the absence of heterogeneous nucleation within the pore space, hydrate growth conditions for the large pore will be determined by the capillary entry pressure required for clathrate penetration of the smallest access pore throat, in this case of radius r d . This means that hydrate growth in the large pore will take place at a temperature much lower than its 'unblocked' equilibrium freezing/melting temperature, as predicted by equation (1). On heating, however, equilibrium dissociation conditions of hydrate in the large pore will depend on its own radius, r a . If we consider this blocking mechanism acting in a porous medium with a wide distribution of interconnected pores of different radii, it can be envisaged that many pores of large radius may only be accessible to growth fronts propagating from the bulk by means of narrower pore throats. In this case, it would be expected that a significant hysteresis would develop between solid growth and melting temperatures.
In Figure 11 , data for selected individual secondary dissociation (scanning) curves for the 30.6 nm Fig. 10 . Illustration of pore blocking effects in interconnected pores of different radii and geometry (cylindrical or spherical) . See text for discussion. 155   581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619  620  621  622  623  624  625  626  627  628  629  630  631  632  633  634  635  636  637  638 sample have been normalized with respect to appropriate maximum volume fraction of hydrate formed on the primary growth curve in each case. Also shown are associated primary growth curve data for each. Heating curves essentially represent dissociation across the cumulative pore size/volume distributions (PSD) for pores in which hydrates have formed during cooling along the primary growth curve to the starting P c condition. We can see from Figure 11 that, irrespective of initial starting conditions on the primary growth curve, dissociation curves are strikingly similar, suggesting that, in each case, hydrate decomposition takes place across a PSD closely representative of the media as a whole. As the P c (thus DT p ) reached during primary growth is increased, so a larger volume of hydrate formed in pores of smaller radii (increased capillary pressure) is added to the total hydrate volume, as evidenced by associated secondary scanning dissociation curves shifting to higher capillary pressures. This pattern strongly supports pore blocking as a cause of the observed hysteresis. Based on the above, we can envisage that the primary growth curve represents hydrate penetration into the media as a function of the pore throat entry radius distribution and associated accessible, 'freezable' volume (i.e. pore volume of water which can be converted to gas hydrate). As the system is cooled, the capillary entry pressure for progressively smaller 'access' pore throats is achieved, allowing the growth front to penetrate further from the bulk into the media, converting an additional fraction of the pore volume to hydrate at each stage, with each volume fraction converted being closely representative of the pore size distribution as a whole.
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Secondary growth scanning curves originating on the primary dissociation curve add support to a pore blocking model (Fig. 7) . It can be envisaged that, during dissociation, hydrate in some large pores (dissociation temperatures not yet reached) should become isolated (e.g. consider the large pore of radius, r a in Fig. 10 ). On cooling, hydrate in these large pores will act as secondary sites for initiation of the hydrate growth front as it starts to penetrate back into the media. For many regions of the pore network, this may mean that the capillary pressure, thus DT p required to initiate hydrate growth, is considerably less than that which would normally be required for conditions where the front penetrates from the bulk alone (i.e. primary growth curve conditions). As such, re-growth on secondary scanning curves should be more pronounced and occur at lower P c,g than for the primary growth curve. This behaviour is observed in Figure 7 ; for secondary scanning growth curves initiated on the primary dissociation curve, hydrate formation (increasing Vf h ) at lower P c becomes increasingly pronounced as starting P c is reduced (i.e. less hydrate dissociated before regrowth initiated), with the 'knees' which represent breakthrough pressures becoming increasingly flattened.
Significance for seafloor hydrate systems
It is beyond the scope of this paper to investigate in detail the potential effects of the observed hysteresis on gas hydrate growth dissociation conditions in the natural sedimentary environment. However, some preliminary comments can be made based on the results presented here.
Fine-grained silts, muds and clays which commonly host gas hydrates can have quite narrow mean pore diameters (0.1 mm) (Griffiths & Joshi 1989; Clennell et al. 1999) . For curvatures of 2/r (spherical) and 1/r (cylindrical), our results suggest that pore diameters of 0.1 mm could reduce hydrate stability (dissociation) by 15 m (c. 0.5 8C) and 30 m (c. 0.9 8C) respectively in areas of moderate geothermal gradient (30 8C/km). This is a significant potential displacement. Depending on the extent to which pore blocking (and the locus of hydrate formation within pore space) plays a role, then temperature restrictions for hydrate growth could be notably greater.
Results strongly suggest that hydrate formation in narrow pores is characterized by progressive solid growth front penetration from the bulk or larger voids into the media. Front progression (as temperature is decreased or pressure increased) will be dependent upon the distribution of narrow pore throats relative to associated accessible voids. One would imagine these factors to be quite media-specific. This, and the fact that pore hydrate dissociation conditions are independent of interconnectivity, suggests the pore space of natural sediments must be characterized in terms of both pore throat entry radius distribution and specific pore radius/volume distribution if we are to accurately predict both hydrate growth and dissociation conditions for a particular media.
Regarding the proposed pore blocking phenomena, it should be noted that the process requires nucleation to be restricted within pores. For the mesoporous materials examined here (maximum pore diameters of 0.05 mm or 50 nm), it seems that growth front propagation is favoured over nucleation, although it might be expected that, in much larger pores/voids, heterogeneous nucleation may be the preferred mechanism for hydrate crystallization.
Conclusions
We have reported the results of a detailed experimental investigation of methane hydrate growth and dissociation conditions in synthetic mesoporous silica glasses. Data demonstrates that hydrate formation and decomposition in narrow pore networks are characterized by a distinct hysteresis between opposing transitions-hydrate growth taking place at temperatures considerably lower (or pressures higher) than those of dissociation. The hysteresis is an equilibrium phenomenon, and takes the form of irreversible, repeatable closed primary bounding growth/dissociation PT loops within which various characteristic secondary growth and dissociation specific 'scanning' PT pathways may be followed, depending on initial conditions. Similar hysteretic phenomena have been reported for ice growth and melting in the pores of cement pastes, and the behaviour appears to be closely analogous to that commonly observed for liquid -vapour transitions (gas adsorption -desorption) in mesoporous materials.
A detailed experimental analysis suggests that hysteresis arises primarily as a result of pore blocking during hydrate growth, although differences in interface curvatures during solid growth and decomposition resulting from pore geometry constraints (e.g. cylindrical pores) are likely to also contribute.
Results show that hydrate growth is characterized by capillary pressure-controlled progressive solid growth penetration from the bulk (or larger pores/voids) into the pore network as a function of decreasing temperature (increasing capillary pressure) with heterogeneous nucleation in pores not being favoured. In contrast, pore hydrate dissociation conditions appear to be principally controlled by interface curvatures as determined by individual pore geometry. As this behaviour has been observed for both synthetic and (more) natural (i.e. cement pastes composed of a variety of natural minerals), for both hydrates and ice, it is very likely that similar phenomena will occur during hydrate growth and dissociation in finegrained natural sediments. 755  756  757  758  759  760  761  762  763  764  765  766  767  768  769  770  771  772  773  774  775  776  777  778  779  780  781  782  783  784  785  786  787  788  789  790  791  792  793  794  795  796  797  798  799  800  801  802  803  804  805  806  807  808  809  810  811  812 
